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NOTATION

Freeboard

F G Genmetric fre.'card

L Ship length wetween perpendiculars

1. w robability of deck wetness

T a Mcal wave period

Relative motion amiplitude

r1,3 Significant single ',nplitude of relative motion

Z A Heave amplitude

6F1  Trim and sinkage corres:on to F G

6F 2 Wave profile corre.ction toF

C £ Heave-to-wave phase angle

C ec Pitch-to-wave phase angle

A ~Wave amplitude

k )1 Significant \,save height

6 A Pitch ampiituut

wa'ie~engn~

V M 0,mumr gJave slope
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ABSTRACT

The deck wetness characteristics of an offshore supply ,essel
In following waves are predicted analytically e-4d compared withi

experimentally Jerived results. It Is found that the analytical

predictions are conservative g~ven specified conditions. The

conservatism ot the analytical results Is attributed primarily to

the Influem~e of dynamic swell-up and Incident wave distortion on

ship-to-wave relative motion.

ADMINISTRAIIVE INFCRMATION

The work reported hereinafter was funded by the United States Loast Guard

Funding was supplied by Military Interdepartmental Purchase Request Z-7096-
62630. At the David W. Taylor Naval Sh!j. iAesearch and Dtvelopftint Center,

where the work was performed, It was Identified as Work Unit 1-1568-023.

INTRODUCTOION

*The United States Coast Guard (USCG) r..s rtcently sponsored two investi-

gations of offshore workboat deck wetness characte'istics at trp- Dav:a W. Taylor

Naval Ship Research and Development Cen-t (DTNSRDC). The fl-st of these

;nvestigations concerned a fishing vesse 'n head waves, and the results

thereof are rep-irted in references 1 and 2 0 rne second Invest-gat .;r, con-

c~erning an offshore supply vessel in followlio wavei, 's desc-ibed he-ein-

ofter. All model quantities are given at '.ne scalc of the prototype un'ess

otherwise specifieo.

VESSEL, OPERATING C01401TIONS, AND RESPONSES EVALUATED

A doubl.p-vhlne offshore supply vessel 52 iierres (171 feet) In lengtn was.

evaluated. Tvm vessel characteristics supplied oy the USCG are given n the

*References are listed on page 13,



second -,.oiumn of Table 1. Evaluation was l imited to regular. following waves

at vessel r6peails c" j.0 arx, 12.5 knots.

!mIne only following v;;,ves were ctnsidazreI, emphmsis was placed upon
vertical plane responses: pitch, heave. anJ ship-to-wave relative motion.

Relative motion was evaluated at the stern, at the forward and after quart~er-

points, and at the longitudin.' ,r of buoyancy lacation. Thiesc resipc',ses

were determined for various w',#eletjtk~s up to five times the length of the

vessel.

ANALYTICAL PROCEDURE AND RESULTS

The DTNSRSC Ship Notions and Sea Loads computer program, described In.

reference 3, was used to compute tche ptch, he3ve, and associated phase angit

characteristics of the sub.Jet vessel in follow;.2 ,ves at speeds of 5.0 am

12.5 knots. The analytical tioel of hull geometry us"'d for 0~e computations IS

shown in Figure 1 Some of the characteristics of this analytical model are

quantified in the third column of Table 1.

Rceu'ts of the hip Nations and Sea Loads computer program are presented

In Figures 2 throu.. 9 as solid lines. Phase angle results art 91ven as lags

with respect to maximum wave elevation at the longitudinal center of buoy~rc,

locatton. The 12.5-knot curves have been faired Nith dicontirn.It[_ aT a

wavelength to ship length ratio of 0.5 to indicate that encounter frequency

goes to zero ;.nder this condition. (At 5.4 knots, encounter 4requency goeb

to zero in waves of less than 0.1 ship length. This wavelength Is shorter

than considered, so the 5.0-knot curves do not show discontinuities.)

Relative motions were computed from the data presented In Figures 2

through 9 by taking the vector sum of heave, wave elevation, and pitch' 'nd%.'

displacements at the after perpendicular, the forward and after quarterpo~l',

and the longitudinvi center of buoyancy loco~ion. (The longitudinal c~e

buoyancy was assumed to lie 1.',8 metres (4..85 feet) aft. of amidships In. a..

with the results of the Ship Motions and Sea Loads computer program ) Re0 '.

motion results so-computed are shown as solid lines In Fioures 10 through

41scontinvitles indicating zero encounter freque-cy are again shown in

12.5-knot curvets.
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*The anslytilz results just presented were obtained pr~or t.. C;cc' n

the supply vessel experimant. In view of the w:ave encounter frequtric ct

*associated with the conditions Investigated (these frequericie3 are la x

vary quite slowly for wavesof ship length and loniger), the results we e :hought

to be viab',e. They were, accordingly. taken as a Sasls for design~rng the

experimenit.

EXPERIMENTAL PROCEDURE AND) AESULTS

The USCG supplied a model Identified as 5-04 for the expe iment Tri's
model represent:,d the prototype offsho-e supply vessel at a scale -at-o o4

17.47. The experimental facility, "Dparatus and methodology employed w.ere

generally as reported for the earlier experimen' .cth the fishing vi~5cl

model (see Appendix A of reference 1). Here ;t should be noted that-

I.The model was ballasted to the prototype equ;valent cnaracte- '

* listed In the fourth column of Table 1.

2. Thi* model was fitted with a solid bulwark extending around the

stern and forward to the after quarterpoint. This b6',-3k was

1.07 metres (3.5 feet) high at the sca~le of the p~otc,lp..

3. While data was being collected, !ne model was ielf-p-opel* eo and

free to irnove in all degrees of frc. aorr. Course -^as mainta."ed by

an automatic rudder control system while speed was rnaint6,nec by

manual contro' of an electric motor wh ch powerei .r.t n~odt.

4. The t.-easurements of primary concern we-c wav~e he.gnt, p~nre-:

and relative motions at the after perpenid c' 'a', the IC'ovre i, -

after quarterpoints, an~d the lcrig'tud-na' cente' of bwo~anc' (, 48

metres (4.85 feet) aft of amidsh Ps) Roil, su rge, Swa-. yaV..

carriage velocity ana rudder angle were also measu-ed

in the context of Items 1 and 4 above, ballast ing to metacent-c oe .jr, and

measurement of horizontal plane responses and rudder arigle are no- no a

*procedure for experiments In head %, following waves, Hoe e', a p or e~pe,

ment with mo3el S-04, see reference 4, Ind .atec that th-s -nc~e ':.d bece,.ne

3



unstable and capsize In extremely steep following waves. Though ti'o ex~peri-

Jment now under discussien was not Intended to explore conditions so extreme as
to leag to capsizing, It was thought that an expsrimental design which acci-mo-

dated the possibility was desirable. Accordingly, ballasting to metacentric

height and the extra measurements were inclu4.ed.

The basic excperlmental program consisted of runs In regular, following

waves of the various lengths needed to define pitch, heave and relative me' ion

transfer functions and the phase anglesb of pitch and heave with respect to the

incident waves. For these runs, wave slope was decreased with Increasing

.iavelenqth, i.e.. froa 3.5 +0.5 degrees in waves of one-half ship 'ength to

1.0 4 4.5 degFees In waves of five times ship length.

In waves of ship length and of twice ship length, wave steepnzss was

varied to assess tin Uginarity of the measured responses. Wave slopes on the

order of nine degrees ware reached during the linearity runs in waves of ship

length at 5.0 knots, and a slope exceeding six degrees was attained in waves
of the same length at 12.5 knots. In waves of twice ship length, wave slopes

In excess of four degrees were attained at both speeds.

Calm water r.,is were made to determine the vessel's trim, sinkage, ani wave

profile characteristics at 5.0 and 12.5 kiots.

All measured transfer function and phase angale data (inciud!ng that from

the linearity runs) are shown In Figures 2 througn 17 as open circles. These

dat% ore fundamental mvde results as obtained by Fourier analysis of the

measured! time histcries. It can be noted that there Is considerable scatter

In the pitch and heave transfer function data for long waves at 5.0 knots
(Figa.res 2 and 4.), and In the relative motion transfer function 4ata for aill

locations .~nd both speatlk In short waves (Figures 10) through 17).

The scatter In the rela'.vo motion transfer function data Is not sur-

prising In view of the fact that these transfer functions are maximized In

short waves where phase angle variabflity is rapid (see Figures 3, 5, 7,
and 9). On tne other hand, the scattcr of the 5.0-knot pitch and heave

transfer function ata In long waves Is ;rost unusual. The available data do
not Indicate that eitncr pitch or heave exhibit consistent, nonlinear trends

In long wives at 5.0 k~nots, so the scatter can on], he 4ttributed to some

4



type of instability under these conditions. An investigation of the auxil!ry

date collected did indicate that rolling motion at 5.0 knots was about 40

percent higher than that at 12.5 knots. However, the magnitudes involved were

small at both speeds. In terms of time domain root mean square values, rolling
motion at 5.0 knots was typically on the order of 0.3 degrees while that at

12.5 knots was 0.2 degrees.

Pesible nonlinear trends were found to occur only for relative motion at

5.0 knots in waves of ship length. Supporting data are shown in Figure 18.

The nonlinearity involved is mllcd, and is of the type (response increasing at

4 decreasing rate with wave amplitude) which causes the transfer function to

decrease with increasing wave amplitude. (This situation contrasts that

found in the earlier fishing vessel investigation reported in reference 1.

The fishing vessel exhibited distinct nonlii-earities with response increasing

at an increasing rate with wave amplitude.)

Calm water data are presented in Table 2. The values tabulated are

averages over three runs at 5.0 knots and two runs at 12.5 knots. The 5.0-knot

results exhibited significant run-to-run variability. They should, accord-

ingly, be taken simply as an indication that trim, sinkage, and wave profile

;re "small" at 5.0 knots.

To conclude this section, a few qualitative observations are in order.

The model was observed to ship water only during the runs made in steep waves

to investigate linearity. The wetness occurred in way of amidships (where

there was no bulwark) rather than at the stern. Wave profile overtopping

appeared to be the major causal phenomenon. Though instability has been

hypothesized to be the cause of the scatter in the pitch and heave transfer

function data at 5.0 knots in long waves, no instability was evident from

observation of the experiment.

COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS

Figures 2 through 17 provide the basic comparisons. Pitch is notably

underpredicted in long waves at both speeds considered (Figures 4 and 8).

Relative motion is rather consistently overpredicted. The only notaLle

5



exception to the overprediction of relative moton occurs In long waves at 5.0

knots for the longitudinal center of buoyancy location (Figure 12). Here the

predictions are rather accurate.

To gain an understanding of the discrepancies between the analyticQl and

experimental results for relative motion, the limitatlons of the analytical

methodology employed must be considered. As previously noted, relative mot;ons

were computed by taking the vector sum of analytically-predicted heave, wave

elevation, and pitch-induced displacements at the locations evaluated, This

state-of-the-art procedure accounts only for what can be termed the kinematic

component of relative motion. It neglects dynamic swell-up (reference 5) and

incident wave distert!on (reference 6). When, as in the present investigation,

analytical predictions of pitch, heave, and the phase angles of these motions

with respect to the incident waves are not extremely accurate, the magnitude

of the nonkinematic components of relative motion is best evaluated by computing

kinemitic relative motion from measured pitch and h(ave data; and thence,

comparing these results with measured relative motion. A comparison of this

type was made using selected data from the supply vessel experiment. It was

found that kinematic relative motion computed on the basis of measured pitch

and heave data was on the order of that measured in long waves but significantly

exceeded measured relative motion in short waves in fact, the kinematic

relative nmton predictions based on measured pktch and heave data frequently

exceeded the like predictions basrMd on an~ 1vtically cetermined p!tch and heave

characteristics. Figure 10 (after perpendicuar relative motion at 5.0 knots)

includes a sample comparison. The "hybrid" curve s faired from kinematic

relative motion transfer functions computed on the basis of measured pitch

and heawt data.

The finding Just discussed Is ef practicdl importance. Previous investiga-

tions of the nenkinematic components of relative motion In head waves, e.g., the

fishing ,:essel Investigation reported In reference 1, have generally Indicated
that these components tend to increase relative motion in short waves. Under

such circumstaices, predictions of relative motion statistics In irregular

waves will be unrealistically low If they are based on kinematic relative metion

transfer functions. In the present case, however, relative motion Is decreased

6



by Its nonkinematic 'oaponents. Hence, analytical pred'ctions of relative

metIen statistics for this case will be conservative, i.e., high. All other

elements being equal, an overprediction of relative motion In irregular waves

will produce a conservative or somewhat overpredicted deck wetness probability.

Thli matter will be addressed In greater depth in tho subsequent section.

DECK WETNESS PREDICTIONS

As noted In the preceding section, conservative predictions of relative

motion statistics will yield conservative predictions of deck wetness If "all

other elements are equal." Figures 10 through 17 clearly Indicate that the

analytical results for the &:1iply vessel in following waves will yield con-

servative estimates of relative motlo, under linear superposition (reference

g 7). Further, the results already described indicate that linear superposition

is valid for relative motion at the 12.5-knot speed; and will produce addi-

tional conservatism at 5.0 knots. Hence, the matters to be addressed here

are the degree of conservatism involved artJ the influence of elements othc-r

than relative m.ition on the prediktIon of decle .erness.

The probability of occurrence of deck wetness, say P w, can, for a speci-

fied location, be written as

where F is the freeboard at the, specified location and r, /3 ! the significant

single amplitude of relative motion at that locat'on (reference 8). So. if

Identical values are assumed for F, a conservative predlctlon of r13will
evidently lead to a conservative predictir~n of P w. In a purely analytical

approach to calculating P w, F Is measurtd from the hydrostatic waterline to

the wea~her deck edge or to the top of the btslwark. This measuremTent may oe

Identified as "geometric freeboard" and symbolized by F G* If expierimental da-d

are available, FGcan be correctee to account for the influence of trim anid

sinkage and of the wave profile, I.e.,

F - F+ 6F, ± 6F2  121

4 7



where 6F! Is a correction for trim and sinkage and 6F2 Is a correction for the

wave profile. If these corrections are I.troduced in the experimental case,

a conservative analytical prediction of r113 does not guarantee a conservative

analytical prediction of Pw

To explore the matters just discussed quantitatively for the supply vessel,

relative motion and deck wetness calculations were made for the after perpen-

dicular at 12.5 knots. This rase was selected because It Involved relatively

large freeboard correctsons (see Table 2), and was representative of the general

nature of the dis.repancles between the analytical and experlmental relative

motion transfer functions. The calculations are described below.

Initially, analytical and experimental transfer functions were derived

from Figure 14. The analytical transfer function was arbitrarily faired

through the zero encounter frequency region and Into rA/CA - I at ,/L - 0,
The experimental transfer function was faired through the approximate mode of

the data points and into rA/CA - I at )/L - 0. The resultant transfer functions

are shown in Fig;ire 19.

From Inspection of Figure 19, It is evident that relative motion will be

maxiilzed Iv wave spectra with modal wavelengths equal to or less than the

length of the vessel (for a given unimodal wave spectral family and an arbitrary

,wave ',eight stat'st'c) SInce the vessel is only 52 metres (171 feet) long,

it seemed advisable to investigate the realism c. these critical conditions

bei-ore proceeding with the computaticns. This was accomplished using data from

the Sa'9ten are' LubO Wave Atla: (reference 9) Area 15 of this atlait lies in

the Glf of McAicc: a -easonable operational area for an offshore supply vessel.

Accordingly, the observed wave statistics for this area (all seasons and all

directions) were converted to significant wave height and modal wave period

statistics using the calibrations given In reference '0; and taken as a basis

for the assessment.

The results showed that nearly 90 percent of the wave systems occurring in

the area investigated had modal lengths of 53 metres (175 feet) or less. Sig-

nificant wave heights associated with these modal wavelengths were found to

exceed 4 metres (13 feet) only rarely. however, significant heights to 7 metres

I8



* (23 feet) -occurred in slightly longer waves. In view of these circumstances,

focusing the calculatioxis on wave spectra with short niodal wavelenitha

appeared very~ reasonable.

dretschneider wave spectra, reference ;!, with unit signlflcant wave

heights and varying modal wave periods were used for the computations. Inte-

grations were performed numierIcally ever a range which accounted for essentially

all of the wavc energy present for modal periods up to eight seconds and

nvolved a loss of only four p~ercent at the highest modal periods evaluated.

The resu~ting values of significant single amplitude of relative motion per

unit significant wave height. rj1 1 /() 1 /3' are presented In Figure 20 as a

function of modal wave period. T 0  This figure shows that the values of

r 13 (r) /3computed on the basis of the analytical transfer funct'on from

Figure !9 usually exceed those comuted an :he basis of the experimental trans-

fer function from Figure 19 by about 0.1 %20 to 1. percent). For very low

values of T * the analytical ri,(w.,, dreps below the exper mental. However,

the hei1ghts associated waves of such low modal periods are too small to be of

practical concern.

Dimensional values of rl, for use in cwmping the probability of

occurrence of deck wetness, P wIn equation (i1i, can be obtained from Figure 20

for a b~trary values of (Z )1/3 To illustrate. consider T 0 7.26 seconds:

the m~odal period corresponding to a modal. mavelength equa, to the length of the

suppif vessel under inveatigation. Then, f om Fgure 20. .1

in the analytical case and r 1 /( 1  0.304 fn the experimenta! case.

Multiplyng these ratios by on arbitrary Qwl/ of 4.0 metres (13 feet) gives
rl,- 1.64 metres (5.4 feet) In thue analytical case and r, /3- 1.2? metres

(4.0 feet) in the experimental case. Taking 1.58 metres (5.2 feet) as a

reasonable value of freeboard to the tsp of the budwark for F In equation Ill.

It- Is thence found that P wequas 0.156 In the analytical case and 0.035 In

the experimental case.

Figure 21 summarizes a series of cemputations of the type just described.

The notation of equation [21 and data from Table 2 are used to define F with

F - 1.58 metres (5.2 feet) as In tthe example above, For the most directG
comuparison, I.e., with equal freebnards, FIgure 21 shows that the &nalytically



predicted probabilities of deck wetness exceed those based on experlmntal data

by a factor of two er more for significant wave Izights up te (A metres (19.7
feet). The overprediction decreases tj about 40 percent at 8.6 metres (26.2

feet). Wh--n freeboard is corrected for trim and sinkage (a decrease in this
case) on the experlmental side, th experimental probabilities are typically

about 0.05 less than the analytical predictions. A further decrease In experi-

mental freeboard due to weve profile raises the experimentel probabilities to
values mrglnally oigher than the analytical predictions.

The foregoing results clearly indicate that experimentall;-determined

freeboard corrections can significantly mod'fy the co(relation between analytical

and experimental predictions of the probability of deck wetness. In the par-

ticular case investigated, these corrections resulted in improved correlation;

but this fortunate result cannot be expected to occur universally.

It is also relevant to note that using calm water data for the freebeoard

corrections, while it appears to be the best available procedure at the current

state-of-the-art, may be inaccurate. This is particularly true in the case of

the wove profile c;orrection. It seems very likely that the incident and dynamic

swell-up wave systems modify the calm water wave profile. Further, it can be

hypothesized that wetness due to wave profile overtopping only is less severe

than that associated with other causal phenomena.

CONCLUS I OS

The primary conclusion to be drawn from the foregoing material is that

conservative predictions of deck wetness for the vessel and conditions Investi-

gated can be computed using state-of-the-art analytical precedures given that
the same freeboard is assumed for both the analvtical and experimental case..
Three cautionary notes are in order with rempct to this conclusion:

1. Consideration of experime.,ai;y determined freeboard corrections for

trim, sinkage, and wave profile can modify the degree of coe.servatism

aiseclated with the analytical results or, in extreme casas, make

the analytical results nencenservative.
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2. Since prior exlmriments with the vessel eva!uated here (reference 4)

indicate that Instatility and cunsizing can occur in extremely steep

waves, wetness predictions in extremely severe seas should be

Interpreted cautiously.

3. In view of the (cpirical natu:e of the results obtained here,

extrapolation to significantly different hull forms and/or operating

conditions should be avoided.

An important secondary conclusion is that dynamic swell-up and incident

wave distortion decrease relative motion for the vessel and conditic..: investi-

gated. This finding reverses that from previous investigations of other vessels

in head waves, e.g., reference 1; and is the primary cause of the conservatism

of the anaiytical results obtained, If this phenomenon can be shown to hold

in general for following waves, the third restriction in the foregoing list

can be relaxed considerably.

RECOMMENDATION

Both the offshore supply vessel experiment described here and the earlier

experiment 4ith the fishing ve;sel (reference 1) have indicated that the most

convnon cause of deck wetness is water shipped in way of amidships. Offshore

workboats frequently employ a raised fo'c'sle deck and somLntimes a raised poop

deck as well. These features, in combination with the re)\rively low amplitudes

of relative motion in following waves, appear to offer an eft-ective deterrent

to shipping water over the bow or over the stern. On the other hand, such

vessels almost invariably have extremely low freeboards in way of amidships.
In head and/or following waves, the low freeboard amidships is to a degree

offset by the fact that relative motion is smaller in way of amidships than at

the ends of the vessel (since the contribution of pitch, is small or nil in way

of amidships). Nonetheless, t!,e experimental evidence shows the midship region

to be critical even in head and following waves. The fishing vessel investi-

gated was so extreme in this respect that water was shipped in way of amidships
even in calm water at the higher speeds investigated.

Though casualty statistics identify following waves as a major cause of

instability in offshore workboats, the real environment will rarely produce

11



pureely following wavi. condition. Even If the predeminant wave direction is

fromJ astern, there Is very likely to be slgnificnnt wave energy from other
directions. This additional wave ene,-gy will ir~uce rolling motion; and the

effects thereof on a vessel which experiences deck wetness amidships even in

head or following waves could be dr.aatic. The rolling motion will produce an

additional relative motion component at the deck edge. This could cause the

volume of water shipped to increase significantly. Both the Increased volume

and thn. influence of tht more complex absolute motions of the vessel on the

water on deck should increase the likelihood of instability developing.

In view of the foregoing considerations, it is recommended that attention

be directed to assessing the deck wetness characteristics of offshore workboats

in long-crested, unidirectional seas at oblique relative headings and/or in

short-crested, multidlrectional seas. An Investioatlon along these lines would

require a moderate developmental effort since very little work has beer done on

-lative motion and related phenomena for other than long-crested head seas.

.,t, unless there are errors in the logic presented here, the need for such an

!nvestigation is bl escapable.
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TAKE I - CAL WATR DAIA

Speed Sinksge I  Trim2 Wive Profile (metres)
(knots) (metres) (degrees) AP AP LCI FQP

5.0 -0.094 0.06 -0.040 -0.040 -0.034 -0.076

12.5 -0.256 0.15 0.107 -0.433 0.073 -0.110
L_

I positive up

2 positive bow-up

3 positive wave elevation above running waterline
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